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DEPARTMENT Of DEFENSE
SELENODETIC CONTROL SYSTEM 1966
ABSTRACT

Using the methods described in Army Map Service Technical Report
No. 29 (Part |: Methods) and (Part |t: AMS Selenodetic Control System
1964), the Army Map Service in cooperation with the Aeronautical Chart
and Information Center has compieted the Department of Defense (DOD)
Selenodetic Control System 1966. A listing of the 734 points which con-
stitute the DOD-66 is included. The average point was measured on nine
photographic plates, The rms horizontal and vertical uncertainties
(precision) of the solution are %972 and +751 meters, respectively. The
crater coordinates were compared point-by-point with other selenodetic
systems, In each cohparison, the rms differences, both horizontal and
vertical, were less than the expected rms differences computed from the

corresponding variances, Maximum rms differences approached £1500 meters,
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lThis report presents the results in the reduction of Army Map
Service (AMS) and Aeronautical Chart and Information Center (ACIC)
measurements for selenodetic control conducted for and sponsored by
the National Aeronautics and Space Administration (NASA) undér NASA
Defense Purchase Request T-37794(G).

The work was done under the direction of the Defense Intelligence
Agency (DIA). This report was compiled by the project leader,
Mr. James D. Hathaway, and his assistant, Mr. James M. Eigen, using
input from ACIC, AMS, and DIA. Supplementary computations were done
by Mrs. Aletha Moncrief and Miss Judith A. Herndon. The work was
carried out in the Selenodetic Branch, under the supervision of
Mr. Marvin Q. Marchant, Research and Analysis Division, Department
of Geodesy, AMS. Assistance was provided by Mr. Charies Martin
and Mr. Marfin Wienshienk, ACIC. Acknowledgment is also made to
Mr. Jack Williams and Mr. Charles McCluggage, Department of Computer
Services, AMS,Afor their assistance in the data proéessing.

Any mention herein of a commercial prbducT does not constitute

endorsement by the United States Government.
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SECTION {. INTRODUCTION

|. Purpose. The Department of Defense (DOD) Selenodetic Control
System 1966 has been established by the Selenodetic Branch of.fhe
Army Map Service (AMS) in cooperation with the Lunar and Planetary
Branch of the Aeronautical Chart and Information Center (ACIC).
Initial application of the neQ system will be in the preparation
of charts and maps for the Project Apollo landing site selection.
It is expected that the parameters descriptive of the lunar figure
will be improved significantly from the harmonic analysis of the

new control.

2. Scope. a. Three sets of data were combined to form the data for

the DOD-66 adjustment. Each of the three sets was first adjusted
independently, using the AMS procedures, for comparison on an equal
basis priér to beginning the computations which involved all fﬁe
data simultaneously. The three sources used to form the DOD system
are: the 256 c}afers of AMS-64 produced by AMS,‘The I96;cra+ef
redﬁcfion by ACIC, and the 484-crater reduction completed for TheA
National Aeronau%ics and Space Administration (NASA) by AMS.

b. A least-squares solution was performed to obtain the sta-
tistically most likely selenodetic coordinates of 734 craters. The
adjustment contained 13,966 observation equations and solved for
2,886 unknowns. |

| c. The control covers 74% of the visible surface of the lunar

disk and is the largest adjustment ever completed by DOD.



SECTION 11, COLLECTION OF DATA
3. .AMS-64 Data. a. |In preparing AMS-64, 15 photographs were selected
from the Lick Observatory lunar photographs and copied on #-inch, micro-
flat glass plates. The copying was done with a Kel-Wat Photographic Dodger:
The "FLUOR-0O-DODGE" system of contrast control was used in 6rder that crater
detail, hidden by the high-contrast range in the original negatives, could be
made available for examination on the dodged copies..

b, The photographs were:

Lick Designation Universal Time Date

M2 ah 14" 05° 7 May 1938
M3 3 54 44 12 January 1938
M4A ' 8 03 25 22 October 1937
M5 13 00 40 24 October 1937
M7 12 47 19 20 August 1938
187 4 07 54 10 August 1940
190 3 39 08 , 7 April 1938
199 3 55 20 : © 12 August 1940
202 4 19 06 8 December 1940
204 : 4 22 38 7 July 1938
2068 4 14 00 13 August 1940

. 209 12 48 30 | 22 August 1940
212 13 38 00 26 October 1945
214 11 19 34 » 6 September 1936
219 13 42 53 26 October 1937

1Superscr]p‘l‘s‘refer to similarly.numbered entries in the Literature
. Clted sectlon. | '
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c. The 15 photographs described above were measured at Georgetown

Observatory, with 24 to 204 crater images measured on each photograph.
Measufemen?s for each of 310 craters were made on one to eleven photo-
graphs. The average crater was measured on six photographs., Positioning
of the plates in the measuring engine was facilitated Through use of the
image of a National Bureau of Standards reseau wifh five-millimeter inter-
vals, which had been overprinted on each of the plates during Fluor-o-dodging.
For the 0° orientation, horizontal grid lines on the plate were oriented
parallel to the X-axis of the engine by reading coordinates of a series of
points along one of the grid lines, The physical corrections to parallel
were made by a rotation adjustment on the plate holder. After the features
weré measured in the 0° orientation, the plate was removed, rotated approx-
imately 180°, replaced in the measuring engine,and positioned in the same
manner as described for the 0° orientation,

d. The coordinates of the geometric center of each feature were obtained
by measuring and averaging the maximum and minimun\abscissés and ordinates
of the feature according to its orientation on the plate. The features chosen
for measurement were identified by comparison of photographic plates with the

Infernational Astronomical Union Lunar Atlas.

e. The measurements were corrected so that the center of the coordinate
system, to which +he m935uremenf; were referred, coincided with +He projection
.vonafhe plate of the optical center of the moon. The measurements were ro+afed'
SO fhaf.fﬁe axes, fO'whigh the measurements were_referred, were parallel to

the projection of the axes in the moon's equatorial coordinate system, The

components of the displacemen+s,due to refraction of the crater images on the



photographic plates, were corrected by refraction coefficients. The values
of fhé semi-diameter of the moon's image on each plafe'were obtained, and
the measurements were converted from stereographically projected values to
orthographically projected values,
4. NASA Data. a. In December 1963, AMS was awarded a cdnfrécf from
NASA to establish a control net about the moon's equator. |In order
to produce a better control sy;fem the Chief of Engineers authorized a
similar polar s+rlp to be established? After four [terations, Group NASA
contained 484 craters adjusted in a least-squares solution.

b. In preparation for work in Group NASA |8 plates were selected
froh the Lick Observatory lunar photographs and processed in the same manner
as the AMS-64 plates, Fourteen of the original AMS-64 plates were used, the

exception befng plate M2, The four additional Lick plates were:

Lick Designation Universa!l Time Date
198 4" 46" s5° 7 May 1938
M7A : 12 57 18 . 11 September 1936
182 4 02 00 " 3 June 1938
192 4 22 37 20 July 1942

c. The phofﬁgraphs described above were measured at AMS with a total of
..4,774 crater .images measured. An average of 265 craters were measured on each'
of the 18 photographic plates., For purposes of quality control, the designated
craters for measurement on each photographic plate were randomly sor*éd into

groups of 35 to 45 craters. These groups were then of such size that the




entire measurement of an orientation, 0° or 1800, was accomplished'in one
measufemenf session, The measurement and reduction technique then pro-

ceeded in the same manner as previously described for the AMS-64 sysfem.3
5. ACIC Data. a. The ACIC solution used full moon photographs on which
each of the 196 craters composing the system was measured. fwo types of

photography were used in the process and comprised eight references as

listed below.*

Reference Date : Universal Time
Group | 89 21 December 1961 22" 14™ 298
195 9 February 1963 | 3 04 50
118 21 April 1962 0 16 00
358 25 August 1964 0 47 19
Group Il 183 13 November 1962 22 39 43
323 27 March 1964 ' 22 12 .35
128 17 May 1962 21 52 35
N-8 21 October 1964 7 37 10

b. Referenée N-8 consisted of three phofogréphs Takén at the U, S,
Naval Observatory in Flagstaff, Arizona. The sequential phofographs in
reference N-8 were‘of long duration exposure to minimize the effect of
atmospheric distortion., The other seven references consisted of five
:seqﬁén#tal'pbofogrqphs each and were taken at the Pic.du Midi Observatory
in France. These were taken using a modified K=22 aerial camera. The hean
values from the five plates for each reference were used fo minimize the

effects of atmospheric distortion,



c. The measurement process began by placing the plate so that the
selehographic coordinates of the observatory coincided with the center of
rotation of the comparator stage. A continuous measuring operation was
carried out on the 196 craters by two operators working independently,

An arithmetic mean was then taken of the two operators' measures of each
of the crater centers for each photographic plate in the sequences. The
rotation and +ranslafion factors, computed by a |inear transformation,
transformed all measurements to the reference system of the reference
plate of the sequence. Several corrections were then applied, including
corrections for refraction and topocentric librations of the moon.

6. Data Characteristics., a. Earth-based lunar photography at present

represents the sole source of data acquisition for the determination of
fundamental selenodetic control.

b, The available lunar photography, regardiess of its site of origin,
is subject to significant |imitations--both observational and geometrical.

c. As an instance of observational l|imitation, the non-systematic
wandering of each individual crater's image recorded'on a photographic emul-
sion is caused by the reflected Iight from the moon passing through the
continually mixing air currents of varying refractive indices at different
levels of the earth's atmosphere. In addition, the time interval of exposure
is finite. The emulsion is not able to adapt to the rapidly changing "seeing"'
conditions, and consequently, each individual crater's image on the photo-
graphic record is a composite of many superimposed images.

d. The fidelity of the imagery is further diminished by the physical
characteristics of light. Even with perfect optics, the image of a luminous

point will not be a point, but rather a small finite diffraction disk,
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According to Dawes' equation, the angblar diameter of the spurious dfsk
recorded by fhe Lick, Pic du Midi, and Naval Observatory instruments are
0,123, 0.188, and 0,07 seconds of arc, respectiveiy. These values are
theoretical and represent the minimum |imitation of the telescopes with
respect to resolving power under perfect "seeing" conditions. The
condition of perfect "seeing" would require that the air at all levels

of the earth's atmosphere be perfectiy steady. Unfortunately, perfect
"seeing" seldom happens, Under nomina! observing condifion;, the minimum
diameter of ah observable crater would be increased with respect to the
theoretical minimum. In addition, the image of the sharp line éf a crater
rim, delineated by shadow and direct sunlight, is broadened and bordered
by a faint fringe.

e. |In addition to the above mentioned observational limitations, the
grain size of the emulsion, the stability of the emulsion's suppbr*,and the
entire photographic processing after exposure are all contributors to pro-
ducing a 1unar‘phofographlc record whose fidelity with respect to the moon,
itsel f, has been compromised. |

f. Clearly, the uncertainty in the imagery of fhe.dafa.soufcé will be
perpetuated in the mensuration program, Disregarding the gross errors in
identification, the errors in the measured rectangular coordinates of each
crater image have two other sources: the mechanical error infroduceq by the
comparator, and fhe‘personal equation of the opérafor.

g« The calibrifibn of the |inear comparator uéed in the mensuration
programs at AMS showed a precision of tlu, At the cenfér of the lunar‘ﬁﬁsk

at mean disfanée, 1u would be about 20 meters.




h. The operator's personal equation is twofold: accidental and syste-
maffé errors, The accidental portion is forever preserved in the measure-
ments., The systematic portion is attributed to the operator's own peculiar
reaction to approaching the image of the crater rim from the shadow or
illuminated side. Errors have been removed from the ACIC meésuremenfs by
duplicate measurements of the estimated crater center on each plate by two
different opérafors. Any discrepancies are remeasured until agreement Is
attained. The systematic error has been removed from the AMS-measured crater
coordinates for each session by one operator's measuring the image of each
crater rim in two orientations differing by 180°, The coordinates were then
combined as previously described.

i. By means of actual experiment, an estimate of the uncertainties
‘attributable to the above mentioned causes--both ot photographic and mensura-
tion origin--has been determined. The rms plate-to-plate observational
uncertainty for DOD-66 is *16u at the average scale of the photographic plates.

jo The idea! collection of lunar photography for selenodetic control
determination from a geometrical standpoint would include plates which were
symmetrically distributed with respect to the lunar £,n, and z-axes. A collec-
+ion of this sort would become available only from extraterrestrial sources
and would providé the potential for mensuration data literally from all angles.

k. Since at present only earth-based photography is available, the
bosslblllfy of a symmetrical distribution of plates with respect to the lunar
axes is confined to the E, n-plane and is further |imited by the maximum

selenocentric longitude and latitude of the earth-based sub-camera point,




The maximum ranges in longitude and latitude are +7°3/4 and 1601/2,
respecTively.. Unfortunately, none of the lunar photography to date has
been taken expressly for the purpose of selenodetic control determination.
Thus, for DOD-66 it was necessary to make the best use of the avéilaﬁle
collections.

I. To acquire a statistically reasonable symmetrical distribution
of plates with respect to the lunar axes using earth~based facilities, a
highly organized and controlled observing program, exfénding over a span
of nearly two decades, would be required. A program of this magnitude would
not be practical in the light of the potential availability of superior
extraterrestrial lunar photography within the complete luni-solar cycle.

m. The horizontal and vertical positions of craters determined froh
earth-based photography are further affected by the foreshortening of the
imagery on the photographic record. As the angular distance (8) increases
from the r-axis to The plane of the 90th meridian, the geometrical! uncer-
tainties of‘The horizontal and vertical positions increase and decrease,
respectively, as 6 increases. ldeally, by taking into consideréTion a
symmetrical distribution of craters with respec+~+o the t-axis, as well as
a symmetrical distribution of plates with respect fo the lunar axes, the
statistical estimate of the uncertainty (as determined from the residuals
of an adjustment) will approach the true uncertainties imposed by the
geometrical limitations of the source data.

n. The uncer+ai;ffeé,'liéfed“wifh crater coordinates as determined Hy

the DOD-66 adjuéfmen+, are the resuIT.of a statistical analysis and represent
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the produchOf the estimates of the uncertainties introduced by the
Ilmiféfions of the observational and geometrical characteristics of
the data.

o. A statistical study has been performed at AMS as an attempt
to numerically determine the potential relative gain in the reduction
of the observational and geometrical uncertainties that would be attained
by further selenodetic contro! programs using earth-based photography
only., |

p. The major part of the geometrical uncertainties of the horizontal
and vertical positions is due to the geometrical uncertainty in z.
FigUre 1 shows that as the number of plates (n) measured for the average
crater increases, the estimate of the geometrical uncertainty in g, in
units of the uncertainty of the observation of unit weight, decreases. At
169 plates the uncertainty in g equals the uncertainty in the observation
of unit weight, An equal area distribution of craters, as well as 39 gepar-
ation be*Qeen each plate and at least one other plate, are assumed., Figure2
shows for a 99% confidence interval that as the number of plates measured
for the average.crafer increases, the range of +he expected observational
variance of the distribution decreases. The range of the expected obser-
vational variancé is in units of the best estimate of the observafional
variance computed from the residuats of the random sample.

q. The average crater of the DOD-66 adjustment was measured on 9
plates. By increasing the number of plates measured from 2 to 9, or 4%

with respect to 169 plates, the geometrical uncertainty in g is reduced
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Figure 1. Geometric uncertainty in g—, in units of the observation
of unit weight, as a function of plates measured for
the average crater.
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Figure 2. The range from O to x2 of the expected observational
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variance--in units of the best estimates of the observational

variance obtained from the residuals of an adjustment of
the random sample--as a function of the number of plates
measured for the average crater.

by 58%. The range of the expected observational variance of the distri-
bution is less than, or equal to, 3.44 times the best estimate of the
observational variance obtained from the residuals of the random sample.

By further increase of the number of plates measured, for instance, from
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two to 20 or |1% with respect to 169 hlafes, the geometrical uncerTafnTy of
[4 iSjreduced'by 76%. The range of the expected observational variance of
the distribution is less than, or equal to, two times the best estimate of
the observational variance obtained from the random sample.,

r. Although it is desirable to more closely estimate the geomefricaf
and observational uncertainties in g and the observation of unit weight,
respectively, the further mensuration and adjustment programs required would
be impractical using earth-based photography. The exémp!e giTed above
illustrates fﬁaf by more than doubling the magnitude of the DOD-66 effort,
the gain in further reduction of the geomefrical uncertainty in f would be
only 18%, The range of the observational variance would be reduced by less
than 3%.

s, DOD-66 Selenodetic Control System was designed to supply mapping
data for selected areas of the moon (Apollo mission). In a more general
context it is another step in an orderly, scientific investigation designed
to broaden selenodetic knowledge and evaluate, through actual experiment,

parameters which have hitherto been evaluated on the basis of opinion only,
SECTION |11, WORK PRIOR TO THE FUNDAMENTAL ADJUSTMENT (FA)

7. Plate Constant Computation., To prepare the data for the FA, plate

constant adjustments were run to approximate corrections to the plate

- constants, The AMS reducfion sol ved independenij by the method of least-"
squares for 171 sets of p;af; ébnsfanfs. Each session had one adjustment
that was [terated until the absblufe‘values of the corfecfions were le§§

than 10~7, The following listing shows the number of sessions computed for each
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source:
Computation No. of Sessions
AMS-64‘ 32
NASA 31
ACIC 8

8, AMS-64: Fundamental Adjustment, a. The AMS-64 data started with 3,492

observation equations that contained 987 unknowns., Af+er analysis of this
FA, 259 measurements and six craters were deleted because their residuals
exceeded four times the rms uncertainty in the observation of unit weight,

b. A second iteration was then run and a second analysis was completed.
Nineteen craters were deleted because their uncertainty in the vertical
direction exceeded +1945 meters and/or the absolute value of the rim height
above the corresponding contour exceeded 3000 meters., The third and final
iteration contained 2,842 observation equations with 909 unknowns, The
results of this third iteration are described below. The rms uncertainties

referred to the various coordinate axes are:

RMS Uncertaintyly S
in tmeters
& 133
% 12}‘
(N 1378
L 896
Ny 628
Hy 858




15

Co &My By equal coordinates of crater k referred to the equaforial
recféngular selenocentric coordinate system in which the n-axis coincides
with the moon's polar axis. The E-axis and the g-axis are perpendicular to
each other and to the n-axis at the optical center of the moon, and the
g-axis passes through the central meridian of the mean visible disk,

de Wi, Ny Hk equal the position of crater k referred respectively to
westing (W), horfhing (N), and vertical (H) axes in the local horizontal
coordinate system at the crater,

e, With the completion of the third iteration, which contained 256
craters, AMS-64 was published. The knowledge gained from the three iterations
helped to set the patterns for the Group NASA adjustments,

9. NASA: Fundamental Adjustment. a. For the Group NASA's first computa-

tion, 9,298 observation equations were formed which contained 2,091 unknowns:
1,569 for the craters, and 522 for the plafes.- All measurements were
deleted for nine craters, with a total of 276 observation équafions
deleted.

b. A second computation,using the remaining 9,014 equations, was pefformed
and, after analysis, 185 observation equations were de|éfed.

c. A third computation contained 8,829 observation equations with
2,010 unknowns: f.488 crater unknowns and 522 plate unknowns. A least-squares
solution was performed and the standard FA analysis was applied. All measqre-'
ments were .deleted for .12 craters, with a total of 805 observation equations:
deleted. |

d. The remaining 8,024 observation equations with i,974 unknowns!

1,452 crater and 522 plate unknowns,formed the fourth FA for Group NASA,
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Upon completion of this adjustment, 484 craters remained to be used in
DOD-66, The rms uncertainties referred to the various coordinate axes

are described below:

RMS Uncertaintyh’
in + meters
3 116
U 103
2 1121
W, 636
N, 600
H, 718

(0. ACIC: Fundamental Adjustment, a, The ACIC-meaned measurements for

196 points were mathematically reduced using AMS mefhods.naReference 89
was held fixed for orientation and scaling in the Ieasf—squaresrédjusfmenf
for simultaneous corrections to the approximate plate. constants and crater
coordinates. Corrections to the approximate plate constants and to the
approximate crater coordinates were obtained by a least-squares adjust-
ment with 3,132 observation equations in 618 unknowns., One crater was
deleted from this adjustment in two references because of apparent errors
in fhé published data. No craters or equations were deleted from the

~ solution on the basis of this adjustment. The rms uncertainties referred

to the various coordinate axes are |isted :
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RMS Uncertainty!s
in *meters
3 109
n, 109
Ty 847
W K 470
N 390
H, 606

Il.. Combined Data. a. Data from ACIC consisted of meaned measurements.

for 196 craters from each of the eight references. This source provided
3,132 observation quaTions with 618 unknowns.

b. Data from AMS came from two independent sets of measurements. The
first set contained 256 craters. However, two craters wefe deleted because
their heighfs, computed as described in Paragraph 8, exceedéd IO km. |t
provided 2,810 equations for 890 unknowns for 15 plates and 32 sessions
(one session befng the number of measurements oné man could make in one day).

c. The second set of measurements from AMS were the Gfoup NASA 484
craters which weré measured on I8 plates and 3| sessions. This séurée
consisted of 8,024 observation equations in 1,974 unknowns.

| d. The‘fpfal inpyT»for'DOD-66, Thus; consisfedvof 734 craters and

contained 13,966 obsér@afién equations for 2,886 unknowns.
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SECTION 1V: WEIGHTS
12, _Descrigfion. Under the direction of the Defense |nfe||igencé Agency
a weighting procedure was developed to form the best solution for the
combined data. The selection of the weighting criteria to be app | ied
to the observation equation matrix was based upon the following:

a. Librational Baseline (W,): The strength of the analytical stereo-
graphic model is dependent upon perspective movement which is derived from
widely separated librational angles. This suggests aséigning greatest
weight to those sets of observations made under strongest librational con-
ditions. This component of the observation weight was computed by forming
the ratio of the average |ibrational baseline for each crater to the maximum
average librational baseline of any crater in the adjustment, The average

librational baseline was formed by:

>
1 %

ki
average By =
q
n (n-1)
where q = —————
2
n = number of piates on which the crater

was measured

The |ibrational baseline, the spherical distance between the librational

centers of any two plates, was computed using:

cos Ob = sin BR sin BS + cos BR cos BS cos (LR-LS)

where L and B represent librations of plates R and S.
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p. Observational Uncertainty (W2): A mathematical model is essen-
tially a function of the measurements which describe the framework of the
system. The uncertainty of that observation of greatest confidence pro-
vides a statistical measure for the determination of the strength of plate.
measurement, A five to two ratio was applied in favor of AClC points as
suggested by the five photographs in the sequential process of ACIC and the
two orientations in measuring at AMS, w2 was computed as the ratio of the
minimum observational uncertainty (qok) of any crater in the adjustment to
the %Dk of the crater observed. The Ok were computed in previous funda-
mental adjustments of each data source independently and represent the plate
agreements of the measures.

c. Equal Afea pisfribufion (w3): An undistorted geometric model is
best determined by assigning uniform density to the areas covered. Thus, a
heavily populated region, e.g., mountainous area, will not influence the
determination of the best fitting surface by outweighing fhe contribution
of the less heavily populated regions, e.g., maria, The visible surface of
the moon has been divided into areas, each equal to a 10° by 10° square at
the equator. Each square was given equal Weighf-and, Therefore, the weight
of each crater was inversely proportional to the density of identified
features in its éwn square,

d. Plate Coverage (w4): Certain systematic errors can be eliminafed:
from sets of measurements, if those sets -are measured in a homogeneous
manner, fhe areé covered by eaéh plate was considered, using the maximum

area covered by any plate as a statistical standard.
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3. Resultant Weights. The resultant weights for the observation equations

were obtained as follows:

Wy = My x Wy x Wz x W,

(o] 1

and then, the normalized resultant weight obtained by

W
O

o =~ (See Figure 3.5
no max Wo 9

4. Astronomical and Geodetic Constants., a. The astronomical constants and

the equations used to determine Lp, B, SB. and the x- and y- coefficients

P
for plate p are given in AMS Technical Report No. 29, Part |:

Ln, B_ = selenocentric longitude and latitude of the center of

P’ “p
plate p when it was exposed,

S"

angle subtended at the camera's focal point by the moon's
semi-diameter, corrected for augmentation and refraction.
x- and y- coefficients
= coefficients of components for refracffonal displacement,

b. The referenced procedure was used to compute the astronomical param-
eters for each pla?e used in AMS-64 and Group NASA mensurat fon programs és
well as for each reference of the AMS reduction of the ACIC measurements,

¢. These computations were performed on the Bendix G-15 and‘Unlvac
computers for AMS-64 and on the Bendix G-15 and Honeywe!l H-800 computers for
both Group NASA and the AMS reduction of ACIC data.

d. For AMS-64 and Group NASA photography, the Universal Time (UT) of
exposure for each plate was .converted to Ephemeris Time (ET) using Bréuwer's

Table.” The ET and the o Sqp and m --as interpolated from the American
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Figure 3, Actual, equal-area, and welght distributions.
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Ephemeris and Nautical Almanac--were used as the variable parameters in

the cémpuTaTion of Lp and Bp'

e. The ACIC photography was made after 1960, There were five exposures
taken within minutes of each other for each ACIC reference with the exception
of N-8 which had three exposures., The UT used by AMS was the most recent
value furnished by ACIC as representing the time of exposure of the middle
photograph. The UT was converted to ET using the correction furnished in the

American Ephemeris, The a(,éi, and n_, were interpolated from the same source

q
and the Lp, Bp were computed.

f. The temperature (fp) and barometric pressure (bp) data required were
interpolated from photocopies of original Weather Bureau records for Mt.
Hamiiton, The Pic du Midi and U, S. MNaval Observatory supplied the corre-
sponding data for the ACIC photography. After AMS-64 was published, an error
in the interpretation of the Mt, Hamiiton weather data was discovered. The
P caused a change in the computed parameters Sg and

in the components of refraction as used by AMS-64, |+ was planned originally

revised values of Tp and b

to remove this inconsistency when the measurements of AMS-64 and Group NASA
were reduced together to produce the superseding system--AMS-65, To date
this step has not been performed,

g. The geodefic latitude, longitude, and height used for the three

observatories, whose photography was measured, are |isted:
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ConTro! System- AMS-64 Group NASA ACIC
bservatory
 {Coordina Lick Pic du Midi U.S.N.O.

latitude
longitude

height in feet

37° 20" 253 N

121° 381 44%40 E
4212.59

42° 56' 18"188 N
0° 08' 32"852 W

9393

352 111 2870 N
111° 45" 31950 E

7598.0

spheroid Hayford Interna- Hayford Interna- |HMayford {nterna-
tional 1909 tional 1909 tional 1909
datum North American 1927 |New French 1898 North American 1927
h. In addition to the above-mentioned geodetic and astronomical

parameters, the coordinates of MSsTing A determined by K, Koziel were

used in the fundamental adjustment for DOD-66.

To be fully consistent,

the astronomical constants | and f determined by Koziel should be used

in the computations of both optical and physical

librations in ‘longi=-

10 .
tude and jatitude. The original plan for the production of DOD-66

included the recomputation of the astronomical and geodetic parameters

for each plate and reference. For reasons of expediency, the system

reported herein is based on the following constants:
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Symbol . Quantity Source Used for computation of’
I 1° 311 52" Schrutka-Rechtenstamm 1958 geometric libration |
I 19 321 20" Hayn 1914 physical libration
f 0.73 Hayn 1914 physical libration
f$ 1/294 Brown 1919 lunar ephemeris
m 3422070 Brown 1919 funar ephemeris

- and S!
‘ P
ag 6 378 388m Hayford International 1909 geocentric to topo-
centric coord.
fg 1/297 Hayford International 1909 geodetic to geo-
centric coord.
G quoted in AMS Brown's tables with libration in longi-
P TR No.29, P+ | empirical term tude for Lick
photography
< quoted in Brown's tables without libration in longi=-
P Explanatory empirical term tude for Pic du
Supptement to Midi and USNO
the Ephemeris ' photography
I = _Inclination of mean lunar equator to the ecliptic.
f = Mechanical ellipticity of the moon.
fé = Polar flattening of the earth.
m = Equatorial-horizontal paral lax of moon at the mean distance from
the center of the earth to the center of the moon.
ag = Equatorial semi-major axis of spheroid of reference,
C = Mean longitude of the moon, measured in the ecliptic from the

mean equinox of date to the mean ascending node of the lunar
orbit, and then along the orbit,




i« The inclination of the mean |unar equator to the ecliptic (1)
and mechanical ellipticity of the moon (f) as deTermihed by Koziel are:

19 32" 0170 +7M1

f

0.633 0,01

Jo It is estimated that the maximum shift of the sub-caméra point
on the surface of the moon that would occur using the Koziel values of |
‘and f is *500 meters,

ke Although the astronomical constants used in the production of
DOD-66 are not completely consistent, they are within the uncertainty
tolerances of each other. The result of this inconsistency would be most
evident in an absolute error analysis of the system and would have |ittle or
no affect on the relative error analysis performed to date of DOD-66.

t« Any inconsistencies noted above have subsequently been removed from
the selenodetic data reduction systems. Unfortunately, these reduction rou-

tines were never used for DOD-66, as originally planned.

SECTION V: FUNDAMENTAL ADJUSTMENT

I5. Plate Constant Adjustment. a. The plate constant adjustment used in

the previous individual FA's gave the initial starting values for the FA.

This was with the exception of Reference 89, The orientation and scale of
Reference 89 was determined by a plate constant adjustment which used the
coordinates of the 41 Schrutka-Rechtenstamm (S-R) craters, contained in the
ACIC system, These craters used the S-R values as the initial approximafions,

" The plate constants computed by the FA are listed in Table 1.
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6. Least-squares Adjustment., a. The weight matrix was formed and applied

to the observation equations foliowing Gauss' method.

C = diagonal weight matrix 13,966 x 13,966

M = matrix of coefficients of observation equations 13,966 x 2,886

X = matrix of unknown corrections to plate parameters and point
coordinates 2,886 x 1

L = difference between the errors in the adjusted measured coordi-

nates and the errors in the approximate computed plate
coordinates.

Then, CMX = CL.
b. A least-squares solution was then performed and corrected crater
coordinates and plate constants were determined.

17. Control Analysis. a. The FA was analyzed by both AMS and ACIC to check

the accuracy and validity of the adjustment. This included statistical,
coordinate, and comparison analyses which are explained below. The uncer-

tainties from the statistical analysis were:

RMS Uncertaintiesl 5.
in tmeters
116
Ek
6
n, 10
1218
Ck .
H 751
X
Mor, 972

where ofHor} = [gi {W} + o2 Uﬂ}]
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b. The error analysis performed by AMS consisted, in part, of the
correlation between ok{Hor} and ¢y, respectively, and 8,, the spherical
arc distance from the corresponding crater to the point of zero seleno-
centric latitude and longitude. ¢o{H} is the uncertainty in the position
of crater k referred to the vertical axis in the local horizon coordinate
system at the crater, ok{Hor} is the uncertainty in the position of
crater k refefred to the westing (W) and northing (N) axes in the local
horizon coordinate system at the crater. %k IS the uncertainty in the
observation of unit weight of crater k. Studies were also made of the
ok{H}/ook and ck{Hor}/ook which are the ¢ {H} and o, {Hor} with the obser-

vational uncertainty removed,

uncertainties in the coordinates
referred to the selenocentric
rectangular coordinate system

o, (&}, o {n}, o {2}

uncertainties in the crater positions
referred to the westing (W), northing (N)
and vertical axes (H) in the local hori-
zon coordinate system at the crater

O {w}, o {N},_ok {H}

A curve was fitted to the points, g, versus 6, , with the equation
A8, 2+ BBy + Cx = g { }
used in a least-squares solution to find the best curve for the given set
of points. All craters whose sigmas were greater than one standard error
-were considered for possible deletions in later FA's,
c. The crater coordinates which were obtained from the FA were then
compared point by corresponding point with other selenodetic systems. The

coordinates were compared both before and after the datum of the comparison
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system was transformed to that of DOD-66 through orientation and scaling.
The numerlcal results of the comparison are summarized in Tables || +hrough
VIi. In each comparison, the rms differences (both vertical and horizon+al)
were less than the expected rms differences computed from the respective
variances of the systems being compared, Maximum rms differences, and
variances, approached #1500 meters, Craters whose differences exceeded the
corresponding variances were considered for possible Qele+ion in later FA's,

d. The AMS deletion analysis consisted of 27 different programs. A
crater had to fail five of these programs for consideration for deletion
from DOD-66., Fifty-seven craters failed five or more times and all are
considered for deletion by AMS, The 27 programs are explained below:

(1) The following uncertainties were graphed with respect to Theta,
the distance in degfees from crater k to the point with selenodetic latitude =
longitude = NO,

(a) The uncertainty in the position of crater k referred to
the vertical axis in the local horizon coordinate system at the crater, This
was also done with the observational uncertainty removed from the height
sigma, or the anerfainfy with respect to the librational or geometrical
model .,

(b) The uncertainty in the position of crater k referred to
the westing and northing in the local horizon coordinate system at the
crater, This was alsovdone with the observational uncerfain+y removed froﬁ
the horizontal sigma, or the uncerfajnfy with respect to the librational
or geometrical modet,

(c) The uncertainty in the observation of unit weight of

crater k (Figure 4).




Table t1. RMS Differences in * Meters Between DOD-66 and
NASA for 484 Craters

RMS differences Before After
in Ad justment Ad justment
€y 173 246
M, 377 206
Cx 1704 718
Wi 871v | 473
N, 991 319
H, 1155 541
horizontal, 1319 570
distance, 1754 786
Table Il11. RMS Differences in * Meters Between DOD-66 and
ACIC-65 for 196 Craters
RMS Differences Before After
in Ad justment Ad justment
€, 421 ' 171
N 674 236
¢, 717 439
W, 433 200
Ny 646 295
H, 735 386
horizontal, 777 356
|distance, 1070 527




Table IV. RMS Differences in * Meters Between DOD-66 and
AMS-64 for 254 Craters

RMS Differences Before After
in Ad justment Adjustmen;

€y 613 574

M, 556 192

T 2899 1603

W, 1456 1112

N, 1011 689

Hy 2346 1107
horizontal, 1894 1308
distance, 3015 1713

Table V. RMS Differences in + Meters Between DOD-66 and
S5-R for i04 Craters

RMS Differences Before After

in Ad justment Adjustment

Ex 514 438

M, 395 485

Cx 2218 1889

W, 1266 1119

N, 890 777

Hy 1716 1463

horizontaly 1548 1362

distance, 2311 1998
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-.0013864267+ 1368796, +15.7237 = Jok

35+
30 B . L .
¢RROR QS ESTIMATE
Gy ANORRE T -
25 —
20—

T —_—— -
_——

15—
10 — —_—
o ERROR QF ESTIMALEL _mmm——mme L
RO K== —" - 5\\\\\'
S.__
0 I | | I 1 L] | L
0°  10°  20° 30°  40°

Bk

50° 60° 70° 80° 90°

847 WITHIN 1 S E.
S.E.=x10 METERS

Figure 4, Gk VS. By graph. Observational unce'rTain+y plotted with the

position on the moon.
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(2) Charts were produced for the five uncertainty units listed
in(?) Through@j above. Charts differ from graphs in that charts depict
the respective sigma analyses with respect to the crater's position plotted
on a modified stereographic projection base, thus showing side-by-side
retationships as well as those of areas;whereas,graphs indicate only the
relation between the various sigma analyses and the distance of each crater
from the point on the lunar surface with selenodetic latitude = longitude =
0°, On the graphs the one standard error curve is used to detect possible
anomalous craters, but is not used as an absolute deletion criteria. Craters
that "fail" the graphs might well be reasonable if they are grouped together
or if one crater within the local area is bad and has affected the surround-
ing region. (See Figﬁre 5.)

(3) Comparisons were made between DOD-66 and four other systems,
which are: AMS-64, Group NASA (which was reduced by AMS), ACIC-65, and %he
Schrutka péinfs. These comparisons were made before and after an orientation
and scaling routine was used to adjust the datum of each comparison system to
the dafuﬁ of The-DOD-66 system:

(a) The difference in heights between the two systems.
(b)' The difference in the horizontal position for each crater.
I+ is noted that the orientation and scaling analysis is similar to comparing

positions and heights from spheroid to spheroid on the earth.




G hor) CONTOUR CHART
METERS
0 — 400

wan 400 — 800

5550 - 800 — 1200
sy 1200 — 1600
(i 1600 — 2200

H,CONTOUR CHART

METERS
ESE=R 3500 — 5500
@z 1500 — 3500

R -500 — 1500
-2500 -~ -500
I -5500 — -2500

Figure 5. Contour Charts
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e. The analysis performed by ACIC consisted of a coordinate compari-
son and comparison of elevation with the |unar topography, The first
approach was to compare the DOD-66 solution to the previous solutions on
a point-by-point basis, without transformations to datums common wi+h
DOD-66. After a least-squares adjustment to make the datums common,
the actual differences between 19 points were farger than the corre-
sponding expe;fed differences based on one sigma confidence intervals.
There was close agreement between the DOD-66 and ACIC-65 since by
design the orientation and scaling procedures for DOD-66 resembled

most nearly the procedure for the previous solutions with ACIC

dafa only.

f. In the other phase of the analysis, ACIC and AMS compared the DOD-66
elevation values against relative heights determined from measurement of
shadow lengths, comparison with general topography, etc. This was done for
20 areas of the moon which were generally suited for such a comparison.

In these 20 areas, some 67 points were singled out because of apparent
unexblained discrepancies in relative elevations, Upon furfher'invesfigafion,
by AMS, which was expanded to include 200 points in these 20 areas, nine points
were found to have elevation differences which exceeded the computed uncer-
tainties. Two of the nine points were measured on three or less plates.
Consequently, the computed uncertainties did not reflect these discrepancies
due to the weak geometrical relationship between the observations for these:
boln?s; The remainder of these points showed large observational uncer-
tainties, indicating that the irregular shape, size, or prevailing illumfna-

tion conditions presented measurement difficulties for which the skill of the
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measurers couid not compensate., Where similar conditions prevail, one

should suspect that the corresponding uncertainties may have a low degree

of reliability., The reader is urged to use the uncertainties listed with
the coordinates in Catalog | within the confidence limitations shown in

Figures 6 and 7.

[8. Conclusions, The analyses accomp | i shed fo date have revealed means

by which the sources of a large part of the discrepancies can be identified.

The statistics are lacking in that a uniform reliability for all points is

not possible because the data base is not uniform. More complete analyses

would probably provide a basis for identifying the sources for all of the
discrepancies. Such analyses would provide.realisfic criteria whereby

one could identify those points which should be deleted from any fol low-on

solution,

9. Results. Catalog | lists the Ek' N» ck coordinate values with their
uncertainties and the longitude, latitude, and height with the
uncertainties in the height and horizontal directions. The unit of
o l&, n, T} is lunar radii (1,738,000 meters) times 106 . o {H, Hor}

are in meters. The reference numbers were assigned using the

system devised by Arthur.1!
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1300 — . -.190030 6+ 12.2405 6, + 561.064 = 0, [H]

1200 —

1100 —

1000 —

900—

800—

O, [H| IN METERS

400—

300 —

o I I I T T T
w.. 10° 20° 30° 40° 50° 60° 70" 80° 90°

O 84% WITHIN 1 SE.
S.E. =+34 5METERS

Figure 6. 6 {H} vs 8, graph. Height uncertainty plotted with position
on the moon.
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2750 — 0448246 6414.9397 4-21.6988= HOR
2500

2250

2000}~ - o
1750 S f I
1500 o '(’
1250 ‘ 7 o /////
1000 | |
750
500

250

o [ 1 |7 1 1 1 | -
0° 10°  20° 30° 40° 50° 60° 70°  80° 90

9 88% WITHIN 1 S.E.
K - S.E.=:500 METERS

Figure 7. gq/{Hor} vs 8k graph. Horizontal uncertainty plotted with
the position on the moon,



SECTION VI, FUTURE WORK

20. Lunar Orbiters. With the advent of the Lunar Orbiting Satellites,

it is now possible to relate a consistent control system determined from
earth-based photography to the physical mocn, The size and shape of the
moon as determined from the analysis of the ephemeris can be used in an
adjustment of a fundamental network of control, As good quality photog-
raphy is obtained, it can be utilized along with the tracking data to
improve the fundamental network further, Phofogrammefrfc control will be
developed in each of the photographed areas. This control can then be tied
together through the orbital ephemeris., As additional orbiters are suc-
cessful, the resulting control nets can be tied together by the use of a
Multiple Orbital Reduction technique, assuming overlap of photographs from
different missions., The orbital reduction will provide a network of photo-
grammetric control that is properly constrained by the orbital parameters,

and which can be used to adjust the basic selenodetic network.
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